The urban heat-island effect of the Tokyo metropolitan area is believed to cause widespread warming in the daytime of the warm season, resulting in intensified convergence over the central Kanto plain. In order to detect this change, a comparative analysis of surface wind fields was made for the periods 1923-1928 and 1991-2001 for sunny days (at least 8 hours' sunshine) from May to August. It was found that the magnitude of daytime pressure fall (at 1400 LT relative to 0600 and 2200 LT) had increased by 0.2-0.3 hPa in the central and northwestern part of the plain, with a slight change in surface winds in such a way as to converge toward the central Kanto plain.
Introduction
The Tokyo metropolitan area, located in the Kanto plain, is the most extensively urbanized region in Japan. The population of the Tokyo ward area (621 km 2 ) is 8.1 million, while that within 40 km of its center amounts to 24.7 million, according to the 2000 census (see http://www.stat.go.jp/data/kokusei/2000/ map/pdf/map02.pdf for detailed population distribution). In the afternoon of sunny days in summer, the surface wind field in this region is dominated by southerly and southeasterly winds, sometimes called the ''extended sea breeze'', converging into a thermal low in the inland (Kondo 1990; Kuwagata et al. 1991) . In addition, the enhanced heating over the urban area exerts thermal and dynamic effects, with the heat island as the main feature.
So far a number of numerical studies have been made about urban influences on temperature and wind fields in the Kanto plain in summer. Takahashi and Kimura (1991) compared a totally rural case with a realistic one which incorporated inhomogeneous surface conditions and anthropogenic heat release, while Kusaka et al. (2000) compared three cases based on the land use in 1900, 1950, and 1985 . These simulations have revealed that the urban effect, particularly the increase of surface sensible heat flux due to reduced evapotranspiration, causes widespread warming in the early afternoon in a region of horizontal dimension of about 100 km, extending to the northwestern part of the plain. According to Takahashi (personal communication) , the corresponding pressure fall is as large as 0.5 hPa. The consequent wind field change is characterized by formation of a convergence zone between intensified southerly wind from the southern coast and easterly wind in the inland area. Fujibe (1994 Fujibe ( , 1996 showed some observational evidence of this ''extended heat island'' by using data after World War II. He showed that the daily maximum temperature in the central and northwestern part of the Kanto plain had risen by an order of 1 C in the warm season. He also detected the increase in daytime pressure fall, which can be a measure of temperature anomaly in the boundary layer, of 0.2-0.3 hPa. However, the change in the wind field has been difficult to detect for lack of data suitable for analysis. Although convergent wind patterns similar to those obtained in numerical simulations are often observed, there has been no evidence that they are more often encountered in recent years than in the early stage of urbanization.
The present study aims at detecting the changes of the surface wind field in the Kanto plain resulting from the extensive urbanization of the Tokyo metropolitan area. The analysis is based on comparison between the period 1991-2001 and 1923-1928, for which data at relatively large number of stations are available in literature. We also aim at confirming the pressure change between the two periods, spanning over a time scale longer than was analyzed by Fujibe (1994) . The details of the data and the procedure of analysis are described in section 2. The long-term changes in surface temperature and pressure are shown in section 3, and those of wind fields are presented in section 4. The relation between wind patterns and the largescale pressure gradient is examined in section 5. Section 6 provides some supplementary analysis based on data for a period extended to the 1930's.
Data and procedure of analysis

Data source
Meteorological data for 1923-1928 are tabulated in the Monthly Reports of the Central Meteorological Observatory (CMO), which is currently the Japan Meteorological Agency (JMA). Data of at least three observation times (06, 14 and 22 JST) are available for each station. However, the duration of sunshine were not documented before 1923, whereas some of the stations were omitted from tables after 1928. This is the reason why we focus our analysis on the six years from 1923 to 1928. Hereafter the six-year period will be symbolically denoted by ''the 1920's'', unless there is a possibility of misunderstanding. Units are in 0.1 C for temperature, 0.1 mmHg for stationlevel pressure, 0.1 ms À1 for wind speed, 16 points of compass for wind direction, and 0.1 hour for duration of sunshine.
Stations used for analysis ( Fig. 1 ) are those which appear in the Monthly Report of CMO throughout the six years. For regions outside the plain, analysis is limited to stations still operating. Unfortunately, data at Yokohama are missing for 1923 due to an earthquake disaster. Moreover, the Yokohama observatory was located about 500 m to the north of the present site until October 1927. The influence of this site change will be examined later in section 6.
Due to the change in observation schedule after World War II, pressure data at 14 and 22 JST are unavailable until 1990. Therefore data for the period 1991-2001 (denoted by ''the 1990's'') were used. Units are the same as in the 1920's, except for pressure (0.1 hPa). Wind data at AMeDAS stations were also used, although the unit for wind speed was 1 ms À1 . 
Selection of days
The target of our analysis is the daytime wind field on sunny days in the warm season. Therefore sunny days were selected from the four months May to August in each year on the basis of the duration of sunshine at Tokyo, Kumagaya and Mito. On the condition that sunshine of at least 8 hours be observed at all these stations, 170 days were selected from the six years 1923-1928 (150 days for 1924-1928) .
For the 1990's, there is a problem arising from the change in observation equipment. Katsuyama (1987) has shown that the new sunshine recorder, which entered into use in the 1980's, tends to give a smaller value than the old one. The difference is about 10%, namely 0.8 hour, if the old type recorder indicates 8 hours (Fig. 2a in Katsuyama 1987) . Therefore, the threshold sunshine duration was set to be 7.2 hours for 1991-2001, for which 349 days were selected.
Preprocessing
In order to eliminate temperature variations above the boundary layer, the daily mean temperature at Mt. Tsukuba (868 m above the mean sea level) was subtracted from each surface value. Then the long-term change (DT) was defined by the difference between the average over the 1990's and the 1920's.
Long-term pressure changes involves a problem arising from inexplicable drifts at each station (Fujibe 1994) . We try to avoid this problem by confining our analysis to daytime pressure fall defined by
where p is station-level pressure. The longterm change in p 0 , namely Dp 0 , is
where Dp is the pressure difference between the 1990's and the 1920's. Since the daytime heat island is much deeper than the nighttime one, we can expect that Dp(14 JST) is substantially larger than Dp(06 JST) and Dp(22 JST).
Therefore Dp 0 can be a measure of daytime urban warming because
where T 0 and p 0 are temperature and pressure of the basic field, g is acceleration due to gravity, R is the gas constant of air, and H is the depth in which temperature changes. The second equation in (3) is derived from the hydrostatic equation by neglecting the spatial and temporal variations in T 0 and p 0 , and on the assumption of no pressure change at z ¼ H.
There is some bias in wind speed data due to changes in anemometer types. The four-cup anemometer which was used until 1960 is found to give higher values than is observed with currently used vane anemometers. The difference is about 30% on the average (Kuwagata 1993). In order to remove this bias, wind speed data in the 1990's were multiplied by 1.3. However, it is not easy to standardize wind speed data perfectly, because they are also affected by changes in land use around the site, and the anemometer height. In our analysis, this problem is avoided by paying more attention to wind direction, which is likely to be less sensitive to differences in observational equipment and environments than wind speed.
3. Long-term changes in temperature and pressure Figure 2a shows the distribution of DT at 14 JST. There is rise of 1.9 C at Maebashi and 1.4 C at Kumagaya, in agreement with the daytime warming trend in the northwestern Kanto plain in the later part of the 20th century (Fujibe 1994 (Fujibe , 1998b . There is also some rise at Tokyo and Yokohama by 1.1 C and 0.7 C, respectively. On the other hand, stations facing the Pacific coast and those outside the Kanto plain show little changes, except for a rise of 1-2 C at Matsumoto, Kofu and Onahama. Figure 2b shows the distribution of Dp 0 . Stations in the central and northwestern Kanto plain show negative changes namely increase in daytime pressure fall, of À0.35 hPa at Maebashi, À0.32 hPa at Kumagaya, and À0.18 hPa at Tokyo. These values exceed the 95% confidence range (about 0.15 hPa). On the other hand, stations on the southern coast and outside the Kanto plain show much smaller changes except for a 0.14 hPa rise at Fukushima.
According to eq. (3), Dp 0 ¼ À0:3 hPa corresponds to DT ¼ 1:5 C with H ¼ 500 m, or DT ¼ 1 C with H ¼ 800 m. The values of 500 m and 800 m are typical depths of the daytime heat island. In this sense, the pressure changes at Maebashi and Kumagaya are consistent with the temperature changes.
The results hardly change if the threshold value of sunshine is reduced to 6 hours in selecting cases for 1991-2001. According to this condition, Dp 0 is À0.29 hPa at Maebashi, and À0.17 hPa at Tokyo for 447 cases in 1991-2001. Likewise, the surface wind patterns presented in the following sections are almost unaffected by the change in the sunshine threshold. These facts ensures that our analysis is insensitive to the possible bias arising from the difference in sunshine recorders.
It is to be noted that p 0 in eq. (1), namely the daytime pressure fall itself, is from À2 hPa to À4 hPa at inland stations. This includes largescale diurnal variations such as atmospheric tides. The value of p 0 relative to coastal stations (such as Choshi and Katsuura) is nearly À2 hPa at Maebashi and À1 hPa at Tokyo. The long-term change in p 0 , namely Dp 0 , amounts to 15-20% of these. Figure 3 shows the distribution of mean wind vectors at 14 JST for 1991-2001 and 1923-1928 . In both periods, wind fields show the dominance of southerly winds over the plain. However, the wind vectors in the 1990's show a slight counterclockwise change in the eastern part (e.g., Tateno) and a clockwise change in the southwestern part (e.g., Yokohama) with respect to those in the 1920's, resulting in a tendency to converge toward the central part of the plain. Tables 1 and 2 show the statistics of wind directions at Tateno and Yokohama in the 1920's and the 1990's, respectively. The 1990's cases are characterized by higher percentage in the left bottom half of the diagram, corresponding to winds distributed in a converging sense, than the 1920's cases. In contrast, the right upper part of the diagram, corresponding to winds distributed in a diverging sense, has some cases in the 1920's, but only a few in the 1990's. These changes indicate the increase of converging wind pattern in the central part of the plain. Here we classify flow types according to the wind direction at the two sites as in the following.
Long-term changes in the wind field
Tateno
Yokohama Symbol
The first three types (u, k and c) correspond to nearly parallel wind distribution. The next two categories (E and g) correspond to converging patterns, which will be referred to as the ''E/S type'' and the ''SE/SW type'', respectively. The next category (Â) indicates diverging cases. Figure 4 shows the wind fields for the E/S and SE/SW types in the 1990's. In the E/S type, the easterly or southeasterly winds from the east coast and the southerly winds from the southern coast converge to the north of Tokyo. The SE/SW type also shows a converging pattern to the north of Tokyo, although the overall wind field has a larger southerly component than the E/S type.
Relation between the wind field and the large-scale pressure gradient
In this section, we examine the long-term wind changes in terms of pressure gradient of the large-scale field. The pressure gradient was estimated from sea-level pressure at 06 JST at seven stations surrounding central Honshu, namely Choshi, Katsuura, Nagatsuro (currently Irozaki), Takada, Aikawa, Niigata and Onahama, by applying a least-squares method based on a linear function in eastward and northward coordinates. For the 1920's, sealevel pressure was calculated from temperature and station-level pressure using the hydrostatic equation, for lack of sea-level pressure data in the Monthly Reports of the CMO. The pressure gradient was transformed into geostrophic wind, G, of which absolute value and direction will be denoted by V G and D G , respectively. Figure 5 shows the wind vector distribution for four categories of V G and D G . The flow pattern for V G < 6 ms À1 (Fig. 5a ) is similar to that in Fig. 3 which includes all cases, while S-SW winds dominate over the plain for V G ¼ 6-12 ms À1 with D G ¼ 210-330 (Fig. 5b) . In both categories, the long-term turning of wind direction, characterized by a slight counterclockwise change in the eastern part and a clockwise change in the southwestern part of the plain, is observed. An indication of similar wind changes can also be seen in the category of V G ¼ 6-12 ms À1 with D G ¼ 330-90 (Fig. 5c) . The nearcalmness in the inland area in Fig. 5c results from cancellation of southeasterly and northwesterly winds, which have nearly equal percentage. Figure 6 shows the scatter diagrams of G for cases in the 1920's and the 1990's. In both periods, the dominant flow type defined in section 4 changes from easterly (u) through southeasterly (k) to southerly (c) as G changes from southeasterly to northwesterly. In the 1990's, however, the E/S and SE/SW types (E and g) have a considerable portion of weak and northeasterly geostrophic wind cases. These types are rare in the 1920's, with some cases of the diverging flow type (Â).
Supplementary analysis for 1929-1937
Some further analysis was made on the wind direction changes at Tateno and Yokohama by extending the period to 1937, which was the last year that eight-hourly data at these stations were tabulated in the Monthly Reports of the CMO. In the same way as described in section 2.2, 302 days were selected for the period 1929-1937. One of our purposes is to give further evidence of the change, and to evaluate its statistical significance. A breif discussion on the possible effect of the site change at Yokohama in 1927 is made. Figure 7 shows the mean wind vectors at Tateno and Yokohama for 1923 -1928 (1924 -1928 for Yokohama), 1929 -1937 -2001 . This difference is significant at the 0.1% level. The situation is more delicate for Tateno, where the wind direction difference between 1991-2001 and other two periods is less than 10
. On the average over the period 1923-1937, the wind direction at Tateno is 152.7 , while that for 1991-2001 is 145.7 (the averaging was made by excluding cases in which wind was calm or between W and NNE, so that the sample size was 434 for 1923-1937 and 324 for 1991-2001) . A t-test indicates that the difference is significant at the 10% level. Table 3 shows the statistics of wind directions at Tateno and Yokohama for 1929-1937 . The percentage of E/S type cases increased from 3% (5 cases) in [1924] [1925] [1926] [1927] [1928] (Table 1) to 12% (37 cases) in [1929] [1930] [1931] [1932] [1933] [1934] [1935] [1936] [1937] , and that of SE/ SW cases increased from 2% (3 cases) to 4% (13 cases). Nevertheless, the percentages in 1929-1937 are still lower than those in the 1990's (Table 2) , in which the E/S and SE/SW types account for 16% (56 cases) and 11% (39 cases), respectively. This fact, and that shown in Fig.  7 , give a statistical support of the long-term wind changes.
The increase of E/S and SE/SW cases in 1929-1937 in comparison to 1924-1928 may be related to urban growth, which was relatively rapid during this period. For example, the population of the Tokyo ward area increased from 3.4 million in 1920 to 6.8 million in 1940. However, the urban area remained much smaller than that in recent years, in which residential area in Tokyo and surrounding prefectures is more than three times of that in 1940. It is therefore doubtful whether an urban effect can explain the change in wind fields. In order to examine the effect of the Yokohama site change, the number of E/S and SE/SW type days in each year from 1924 to 1937 is shown in Fig. 8 . Even after the site change, the E/S type occurred only once in 1928 and increased gradually in the 1930's, except the seven cases in 1929. In view of this, there is no reason to conclude that the site change affected the wind direction at Yokohama, although this possibility cannot be excluded entirely. At present we do not have a clear-cut explanation to the change from the 1920's to the 1930's. Apart from the site change, there may be some concern about long-term changes in microscale environments which affect wind direction. However, a clockwise wind shift is found not only at Yokohama, but between other CMO stations in the southwestern Kanto plain (Tokorozawa and Yokosuka) and surrounding AMeDAS stations . This fact supports the reality of the clockwise change as a regional feature, although there may be some uncertainty about the counterclockwise change in the eastern part for lack of stations enough to make such a comparison.
Discussion
The long-term changes in the daytime wind field shown in the analysis are in qualitative agreement with previous numerical studies on the urban effects of the Tokyo metropolitan area, with respect to the convergent pattern in the central part of the Kanto plain. It is particularly interesting that the E/S and SE/SW types (Fig. 4) , which are found to be more frequent in the 1990's than in the 1920's and 1930's, have wind patterns similar to those simulated by models incorporating the effects of urban land use (e.g., Fig. 4 in Kusaka et al. 2000) . It is possible to say that the analysis has detected the surface wind changes due to the extensive urbanization of the plain, although there remain some problems as discussed in the previous section.
More detailed comparison between the analysis and models, however, shows some difference. The simulation by Kusaka et al. (2000) indicates little change in wind direction in the southwestern part of the plain, where the result shows substantial clockwise change, while the counterclockwise wind shift in the central part of the plain is more widely seen in their result. The study of Kanda et al. (2001) , who made a simulation on shallow cloud lines (Kampachi clouds) under southerly winds, also showed the insensitivity of the wind field in the southwestern Kanto plain to urban effects, although an increase in sensible heat over the urban area was found to favor the cloud formation along a sea-breeze convergence line. Here the detailed discussion on the difference is not entered, however, in view of the limited spatial resolution of the data in the 1920's.
Finally, a comment is made on the relationship between wind changes and precipitation. Some statistical studies have suggested an increase in the frequency of heavy rainfall in Tokyo, especially in the afternoon of the warm season (Fujibe 1998a; Sato and Takahashi 2000) . Fujibe et al. (2002) have shown that many of the heavy precipitation events in Tokyo (f20 mm/h) in the summer afternoon are preceded by what they call the ''E-S wind pattern'', which resembles the E/S wind type in the analysis with respect to the convergence of easterly and southerly winds in the vicinity of Tokyo. Thus the result implies the possibility of long-term increase in convergent wind patterns, which favor the occurrence of heavy precipitation in Tokyo.
